Between 1984 and 1993, visual and acoustic methods were combined to census the Bering-Chukchi-Beaufort bowhead whale, Balaena mysticetus, population. Passive acoustic location was based on arrival-time differences of transient bowhead sounds detected on sparse arrays of three to five hydrophones distributed over distances of 1.5-4.5 km along the ice edge. Arrival-time differences were calculated from either digital cross correlation of spectrograms ͑old method͒, or digital cross correlation of time waveforms ͑new method͒. Acoustic calibration was conducted in situ in 1985 at five sites with visual site position determined by triangulation using two theodolites. The discrepancy between visual and acoustic locations was Ͻ1%-5% of visual range and less than 0.7°of visual bearing for either method. Comparison of calibration results indicates that the new method yielded slightly more precise and accurate positions than the old method.
INTRODUCTION
The use of passive acoustic methods to assist in population assessment and behavioral studies of large whales has been of interest to researchers for many years ͑Clark, 1982; Payne and Guinee, 1983; Schevill et al., 1964; Thomas et al., 1986; Thompson and Friedl, 1982; Watkins, 1981; Winn et al., 1975͒. Between 1984 , six surveys of the Bering-Chukchi-Beaufort population of the bowhead whale, Balaena mysticetus, were conducted off Point Barrow, Alaska ͑71°23Ј N and 156°26Ј W͒. These springtime surveys combined passive acoustic methods with traditional visual census methods to describe acoustic behavior and to estimate population size and trends ͑Clark et al., 1996; Clark and Ellison, 1989; Clark et al., 1986a; Raftery and Zeh, 1998; Raftery et al., 1990; Würsig and Clark, 1993; Zeh et al., 1993͒ . For all surveys, the acoustic method relied on a sparse array of hydrophones, with one hydrophone located near the visual observation perch. Other hydrophones were distributed along the ice edge to either side of the perch out to distances of 0.5 to 3 km from the perch. Ice conditions and safety considerations primarily dictated the total size and configuration of the array. The perch was typically located on a grounded 5-10-m-high ice ridge that was 6-15 km from the shoreline, and the ice edge extended in both directions approximately parallel to the shoreline.
The method for locating a vocalizing animal relied on measurement of the difference in time-of-arrival of the same sound on each of three to five hydrophones in the array ͑Clark et al., 1986b; Cummings and Holliday, 1985; Watkins, 1976; Watkins and Schevill, 1972͒ . Verification of the method was necessary to empirically quantify the errors in range and bearing estimates to the transient source. In most marine mammal research relying on arrays, calibration of the arrival-time difference method has relied on the use of broadband impulsive sounds, or high-frequency bursts produced by pingers within close proximity of the array ͑Janik et al., 2000; Watkins and Schevill, 1972͒ , or empirical use of visually positioned singer locations ͑Frankel et al., 1995͒. There have been no calibration tests using low-frequency, frequency-modulated ͑FM͒ transients in the shallow water, arctic environment. This paper describes the technical aspects of two different arrival-time-difference methods used to locate vocalizing bowhead whales during the spring migration. It provides the results of a field calibration test conducted in situ in 1985 during the bowhead whale migration. The 1985 calibration data and a sample of 217 bowhead calls from 1988 were reanalyzed and used as the basis for comparing and evaluating the reliability of the two methods.
I. METHODS
In the arctic environment through which bowhead whales migrate during the spring, the acoustic propagation path is relatively simple. The water is shallow ͑Ͻ100 m͒ and isothermal (0Ϯ1°C), and the sound speed profile is uniform with depth (1437Ϯ2 m/sec). Occasionally, the propagation conditions become complex and unpredictable; for example, when deep-keeled, multiyear ice floes create a highly reflective environment and different types of ice create horizontal refraction ͑Ellison et al., 1987; George et al., 1989͒. However, the dominant springtime acoustic propagation condition over ranges of a few tens of kilometers off Alaska's North Slope is relatively stable and homogeneous.
Bowhead whales produce sounds that are transient and highly variable. Signal energy is primarily in the 80-500-Hz band with single utterances having bandwidths of 50-150 Hz, durations on the order of 0.5-4 s, and spectrum source levels of 155-189 dB re 1 Pa at 1 m ͑Clark and Johnson, 1984; Cummings and Holliday, 1985; Ljungblad et al., 1982͒ . Almost all calls have a structured spectrum consisting of discrete frequency bands of acoustic energy that vary in amplitude and frequency over the duration of the sound. Sounds can be simple monotones with very little frequency modulation ͑FM͒, swept FM calls where a fundamental frequency rises or falls with time throughout the call's duration, amplitude modulated ͑AM͒ purrs, harmonically rich screams, and complex mixtures of FM, AM, and broadband pulses ͑Clark and Johnson, 1984; Ljungblad et al., 1982; Würsig and Clark, 1993͒ .
The irregular ice edge in the spring restricts array geometry to a roughly linear orientation aligned approximately parallel with the direction of whale migration. One drawback to a linear array is that sources to either side of and near the axis of the array ͑i.e., endfire͒ are difficult to locate. As a result, for a sound source outside of the array but near the array axis, a small uncertainty in time-of-arrival measurement results in a large uncertainty in range to the source, while bearing to the source remains relatively stable. This restricts the area within which locations from a linear array are reliably accurate. For the purposes of the arctic arrays used in this research, the area of reliable locations was restricted to a sector of 120°centered on the line normal to the array axis at the array center ͑Clark et al., 1986b͒.
A vocalizing whale's location was estimated using measurements of the arrival-time difference between the occurrence of the same sound on different pairs of hydrophones ͑Fig. 1͒. The acoustic location task was simplified to locating a transient sound in two dimensions. This was because water depths were relatively shallow ͑15-100 m͒ compared to the ranges to vocalizing animals ͑100-20000 m͒. It was also assumed that the whale was an omnidirectional source, and sound propagated at a constant speed in water that was homogenous, isotropic, and nondispersive.
Over the years of the acoustic survey effort, two different methods for measuring arrival-time difference and for computing an estimate for the location of a vocalizing whale were developed and implemented. The first method was used to analyze the array recordings collected during the acoustic surveys in 1984, 1985, 1986, and 1988 , while the second method was used for the 1992 and 1993 acoustic studies.
A. Old location method
In the first location method ͑old method͒, arrival-time difference was estimated by cross correlation of filtered spectrograms ͑Altes, 1980; Clark et al., 1986a; Clark et al., 1987; Janik et al., 2000; McGregor et al., 1997͒ . A multichannel digital spectrogram representing the time-varying frequency distribution ͑i.e., short-time Fourier transform, STFT͒ was computed and displayed for the set of received pressure waveforms containing the sound of interest ͓1000-Hz sampling rate, 256-point fast Fourier transform ͑FFT͒ rectangular window function, with sampling overlap ͑99%͒ equal to Ϯ2-ms time resolution, and 3.9-Hz frequency resolution͔. An analyst identified the lower and upper frequencies, and start and end times containing the sound, and these were used to restrict the frequency band and signal duration in subsequent analysis. Pairs of band-limited and durationlimited spectrograms were cross correlated.
The following notation describes this spectrogram crosscorrelation process:
where A͓ f (k),n⌬t͔ and B͓ f (k),n⌬t͔ are digital spectrograms of signals from hydrophone A and B, respectively, f (k) is the normalized amplitude spectrum at time n⌬t, ⌬t is the time interval between successive spectra, n is the index for successive spectra, and ⌬T is the time offset between the two signals.
The cross correlation of two digital spectrograms results in a time-dependent function, C(⌬T), for which the time of the maximum correlation value (⌬T max ) was taken as the best estimate of the arrival-time difference, , between the occurrence of the same sound at the two hydrophones. In practice, the time interval between successive spectra, ⌬t, was set to 2 ms by having a 254-sample overlap between successive 256-point spectra.
In a cylindrical coordinate system centered at the midpoint between a pair of hydrophones, a given arrival-time difference, , corresponds to the loci of points (R,) referred to as a hyperbolic bearing line, such that,
where is the bearing from the array's origin to the sound, R is the range from the array's origin to the sound, max is d/c ͑the maximum possible time-difference between the hydrophone pair͒, c is sound velocity, and d is the distance between the two hydrophones.
For large values of R, the asymptotic result is
The symmetry of the cosine in ͑2͒ creates an ambiguity in determining the proper half-space in which to place the hyperbolic bearing line. This ambiguity was resolved by knowing at which hydrophone the sound first arrived. A second ambiguity existed as to whether the sound was arriving from the frontside or backside of the array. In practice, this frontback ambiguity was resolved by deploying the array along the edge of the shore-fast ice, thereby restricting whales to the offshore side of the array. The addition of one or more hydrophones at other locations resulted in additional arrivaltime differences, where the number of hydrophones, N hy , yielded N hy *(N hy Ϫ1)/2 arrival-time differences. Ideally, arrival-time differences are perfectly accurate and the bearing lines all cross at a single point. However, noise in the transmission paths and the recording system, variability in sound speed, and discretization in the analysis processes can introduce errors in arrival-time difference estimates which result in uncertainty in the source location. In practice, the acoustic analyst subjectively evaluated spectrograms and the aural quality of all available channels, and only the three best channels were used for arrival-time difference analysis. A graphical solution was used to estimate the location as illustrated in Fig. 2 . The location was estimated as the centroid of the triangle defined by the intersections of the three bearing lines calculated from arrival-time differences. The acoustic location range error was the distance between the center of the triangle and the farthest vertex. The acoustic location bearing error was half the maximum angular width of the triangle.
B. New location method
In the second location method ͑new method͒, arrivaltime difference was estimated by cross correlation of filtered waveforms from pairs of hydrophones ͑Clark et al., 1986a; Marple, 1987; Mitchell and Bower, 1995; Spiesberger and Fristrup, 1990͒ . The time offset associated with the maximum value of the complex demodulated, cross-correlation function was taken as the best estimate of the arrival-time difference. A user-friendly, array location analysis program specifically written for the task of locating and tracking vocalizing bowhead whales facilitated this process. With this analysis system, the analyst viewed scrolling, multichannel spectrograms while listening to any of the various channels. The analyst was responsible for recognizing which signals were bowhead calls, selecting a time-frequency box around the call in one channel, and time-shifting the selection in the remaining channels so as to identify the same sound in each of the channels. The lowest and highest frequency values then set bandpass filter parameters for filtering out unwanted noise, while the start and end times delimit the portions of the waveforms containing the sound of interest.
The acoustic location was determined from the consistency of redundant information provided by the arrival-timedifference estimates for all pairs of hydrophones ͑see Clark et al., 1996, Appendix 1͒. Source location was computed us- ing a minimum sum-of-squares error technique based on the set of measured arrival-time-difference values and sets of theoretical arrival-time-difference values. Theoretical arrival-time-difference values were those that would occur for each point in a gridded x,y space for the given array geometry and speed of sound conditions. In practice, the gridded space had a resolution of 30 m, equivalent to a bowhead call bandwidth of 30 Hz.
The minimization was done with the LevenbergMarquardt algorithm. The starting point of the minimization algorithm was obtained by finding the intersections of the asymptotes of the hyperbolic bearing lines for each arrivaltime difference, and choosing as the starting point the intersection with the smallest error.
Since errors were present in the acoustic location process, each acoustic location had a confidence region associated with it, where the confidence region represented some area of geographic positions ͑around the estimated location͒ whose arrival-time-difference errors were less than a minimum factor, or confidence region, of 80%. The boundary extremes of this region were used to compute the minimum range, maximum range, and bearing error statistics. In Fig.  3͑a͒ the 80% confidence region associated with an acoustic location is shown as an almost elliptical area surrounding the acoustic location point.
To resolve the problem of including poor or obviously aberrant arrival-time differences in the location process, a screening algorithm was developed, tested, and programmed into the new location analysis process. This algorithm, referred to as the ''sigma minimizer'' program, minimized the sum-of-squares error ͑sigma͒ in the location process. The sigma minimizer analyzed the set of all measured arrivaltime differences and discarded either zero, one, or two differences to obtain the best fit ͑i.e., minimum error͒ between the set of measured arrival-time differences and the set of theoretical arrival-time differences for the estimated location. This eliminated outlying arrival-time differences resulting from cross correlations of acoustic data that were corrupted by multipath sound propagation, excessive ambient noise, or surface reverberation. An example of the improvement in acoustic location error as a result of this sigma minimizer method is illustrated by comparing Fig. 3͑a͒ and ͑b͒.
The old location method was completed on a Digital Equipment Corporation ͑DEC͒ 11/23ϩ minicomputer with a Sky array processor. The customized software was developed in collaboration with Kim Beeman ͑Clark et al., 1986a͒. The new location method was completed on a Macintosh-based workstation using customized DSP hardware boards. The location software was written by Tom Calupca, Sean Cunningham, and Steve Mitchell and merged with the Canary software package ͑Charif, 1995͒.
C. 1985 Calibration experiment
One of the foremost concerns regarding the use of acoustic techniques for locating bowhead whales was the lack of a full scale, in situ validation of the arrival-timedifference method for locating sounds. In order to address this deficiency, a calibration experiment was conducted during the 1985 field season to determine the accuracy of the sound location method relative to a reliable visual method.
The calibration test plan assumed an array of at least three hydrophones and a total of ten sites, three each at ranges of 500, 1000, and 2000 m from the array's center on bearings of 30, 90, and 135°from the array axis, with an additional site at a minimum distance of 4000 m, if feasible.
The array was established within the visual census reference frame based on bearings relative to Magnetic North, and a fixed position relative to the RACON Beacon at Point Barrow, Alaska ͑NOAA, 1976͒. Only three hydrophones were installed due to difficult ice conditions. The array geometry and the ''true'' position of each playback site were determined using two theodolites and a Cubitape DM-60 modulated infrared light source theodolite sighting system with an accuracy of Ϯ5 mm. The ''true'' position of each playback site was determined using triangulation from the two theodolites.
Three approaches were used to calculate the local sound velocity. Historical measurements in this area documented temperature stability (Ϫ1.7ϮϪ0.2°C), salinity stability FIG. 3 . ͑a͒ Estimation of location and 80% confidence region for a calling whale using all six time-delay bearing lines from a four-channel hydrophone array. The large confidence region around the whale's location is due principally to the bearing line from the time delay between hydrophones 1 and 4, which intersects the other bearing lines far from the estimated position. The 80% confidence region is considered the error region and defines the range and bearing errors associated with the location of the vocalizing whale. ͑b͒ Effect of eliminating a corrupted bearing line on a whale's acoustic location and associated error region for the same whale call as shown in ͑a͒. This illustrates the reduction in the range and bearing errors when an erroneous bearing line is excluded. In 1984, at a location close to the 1985 calibration site, we calculated a sound velocity of 1441Ϯ4 m/s using measurements of maximum arrival-time differences between two widely spaced hydrophones for an impulsive sound source. Based on all these data, the value of 1437 m/sec was used in all location analyses.
The sound playback transducer was a J-11 Audio Frequency Generator ͑Naval Research Lab, 1975͒. This is a laboratory standard, calibrated transducer specifically designed for experimental use. It operates over a frequency band of 20-12000 Hz and is capable of generating intensities of up to 162 dB re 1 Pa at 1 m. A variable-frequency function generator was used to synthesize two bowhead like, frequency-modulated sounds lasting a total of approximately 8 sec ͑Fig. 4͒. This alternating pair of sounds was repeated multiple times onto a continuous 15-min tape. The tape was played back on a Sony cassette recorder through a Crown preamplifier and a 300-watt Crown amplifier into the J-11. Most sounds were played back at approximately mid water depth at maximum source level. However, during the lowering and raising of the source, careful attention was paid to the depth of the source at the time of a transmission, resulting in a small set of transmissions at various depths. Electricity was provided by a portable gas powered generator. The output power of the Crown 300-watt amplifier was monitored by an alternating current ͑AC͒ voltmeter across the output leads to the J-11.
Underwater sounds were collected using modified AN/ SSQ-57A sonobuoy units deployed along the ice edge ͑Cum-mings and Holliday, 1985͒. Each unit operated on a different radio frequency. A multichannel receiver and recording system was maintained in a small portable hut a safe distance away from the ice edge ͑Clark et al., 1986b͒. This equipment included radio receivers, signal amplifiers, and a TEAC R61-D four-channel cassette tape recorder using normal-bias tape. The recording system had a flat frequency response Ϯ1 dB between 100 and 5000 Hz with a low-frequency roll-off of 20 dB for the 10-100 Hz band.
In 1985, ten calibration sounds from each of the five calibration sites were randomly selected and analyzed using the old method. More recently, the exact same 50 transmission samples as analyzed in 1985, as well as all other transmissions from each calibration site, were reanalyzed using the new method.
D. Reanalysis of 1988 whale data using new methods
To compare the two acoustic location methods using bowhead sounds, 38 hours of four-channel array data from the 1988 field study were reanalyzed using the new method.
II. RESULTS

A. 1985 calibration experiment
The calibration test area was located north northeast of Point Barrow immediately offshore of a grounded pressure ridge in an area very typical of bowhead census sites. The water depth in the calibration test area varied between 15 and 100 m. Two theodolites were established on the pressure ridge on an axis of 19.7°magnetic, separated by a distance of 482.3 m. A sparse three-element array was installed on 27 April, with hydrophones deployed along the edge of the grounded pressure ridge ͑Fig. 5͒. The middle hydrophone ͑Hy 2͒ of the array was installed close to the southern theodolite site. Hydrophones were lowered to a depth of 8-10 m, which was approximately mid water depth. The measured array had a 1616-m aperture with spacings between adjacent pairs of hydrophones of 670 and 946 m. The local ice conditions on the day of the experiment, 28 April, were very good. There was a thin sheet of 10-30-cm pan ice in front of the grounded ridge system. This pan reduced local ambient noise from wind, waves, and hydrophone motion. Interspersed were small pockets of open water and some working fracture zones. A large floe of grounded multiyear ice was directly off shore, approximately 1-2 km northwest of the visual observation perch ͑George et al., 1989͒, and a small ͑3-5-m high͒ pressure ridge ran parallel to the array approximately 2 km to the west of the perch. Due to time and safety constraints, calibration tests were completed at only five sites.
Calibration sounds were played into the water at each of the five sites, with the time spent at each site varying between 9 and 27 min, depending on safety considerations. The J-11 was suspended to a maximum of 12-m depth at sites A-D, and 24-m depth at site E. In a few cases, source level at the start of a transmission session was 150 dB and increased by approximately 3 dB transmission until maximum power ͑162 dB͒ was achieved. Sites A-C had direct paths from the transducer to all three hydrophones, while sites D and E were on the far side of the 3-5-m ice ridge. Site E, at a range of 4420 m, was just barely visible to the observers on the perch. This determined the range limit of the calibration test.
A research assistant completed location analysis using the old method in early May 1985. Ten randomly selected calibration sounds were analyzed for each of the five sites. Later in the month one of us ͑C.W.C͒ reanalyzed the same 50 randomly selected calibration sounds and obtained identical results. In 1998, all calibration sounds from each of the five sites were analyzed using the new method. This allowed comparison of the analyses of the ten random sounds from each site using both location methods. Table I lists the results from the analyses of the calibration data using both location methods. All the calibration results for the five sites using both methods are plotted in Fig. 5 . Bearing results are very consistent for both acoustic methods, varying by only a fraction of a degree for all five sites. There is a slight reduction in the standard deviations for bearing using the new method ͓mean old standard deviation ͑s.d.͒ 0.29°, mean new s.d. 0.03°, nϭ50, five sites, based on ten samples per site; mean new standard error ͑s.e.͒ 0.16°, nϭ5 sites, based on all samples per site͔.
Range results are remarkably consistent even at the farthest distance of 4420 m ͑site E͒. The old method estimates a slightly greater average range than the new method for site A, but lower average ranges for sites B-E.
The percent differences between the visual and acoustic ranges relative to the visual range using the old method were between 1% and 5%, with coefficients of variation ͑CV͒ between 1 and 4 %. The percent differences and the CVs for the new method were between 1% and 2% and less than 1%, respectively, for the samples of ten. For the complete set of samples using the new method, the percent differences and CVs were between 0% and 2% and less than 1%, respectively. Overall the new method resulted in slightly greater precision ͑lower standard deviations͒ and greater consistency ͑less variability in percent differences͒ than the old method. The greatest improvement between the two methods occurred at the two most distant positions, sites D and E. At site B, where the calibrations occurred over a 26-min period and theodolite fixes were taken only at the start of the test, there was a small but steady increase in range, suggesting that perhaps the ice pan from which the calibration equipment was deployed was moving northward. Times spent at the other sites were too short to determine if this occurred elsewhere. Overall, there was some indication that location and associated errors decreased slightly with transmitter depth, but not with source level.
B. Reanalysis of 1988 bowhead calls using new methods
A second comparison of the old and new methods was based on the analysis of 38 hours of bowhead whale recordings from a four-channel array in 1988. The 1988 array had a 3031-m aperture with spacings between hydrophones of Fig. 5͒ . Acoustic ranges and bearings were computed using the spectrogram cross-correlation ͑old acoustic͒ and waveform cross-correlation ͑new acoustic͒ methods. ''Range'' is the average distance from the visual observation perch, origin ͑0,0͒, to the location of the acoustic source, while ''bearing'' is the average bearing to the source from the perch relative to magnetic North. Time in parentheses is the duration spent at the site broadcasting the calibration sounds. 900, 1150, and 990 m. Reanalysis of the 1988 data using the new method located 236 of the same calls that had been located by the old method. Nineteen of the calls located by the old method failed to yield acceptable locations by the new method. Ten of these 19 unacceptable locations were within a few degrees of the edges of the 120°sector in which locations are considered acceptable. The location data for the acceptable 217 calls were used to compare the old and new methods. Figure 6 shows a comparison of the range estimates for the old and new method for each of the 217 calls located in the 1988 data. Range estimates were similar for the two methods (r 2 ϭ0.96), and as expected range differences increased as a function of range. Bearings estimated by the two methods were essentially identical (r 2 ϭ0.999). Range error was expected to increase with increasing range. Therefore, range errors for the two methods were compared as a function of range. Since ranges calculated with the new method were considered better estimates of actual range, the new range estimate was used as the independent variable in this comparison. Figure 7 shows differences between range errors for the new and old methods as a function of the new range for each pair of 217 locations. The predominantly negative range error differences indicate that the new range errors were consistently less than the corresponding old range errors. Average range error for the old method was 1138Ϯ2094 m compared to the average range error of 275Ϯ420 m for the new method. When considering range error as a percentage of the range, the averages were 17.9%Ϯ21.9% for the old method and 4.7%Ϯ5.8% for the new method. Bearing error was Ͼ1°for both methods, but greater for the old method (0.6Ϯ0.56°) than the new method (0.2Ϯ0.22°). These results indicate that range and bearing errors for the new method were approximately 3-4 times smaller and less variable than the errors using the old method.
N
III. DISCUSSION
The primary motivation for the calibration experiment and comparative analysis was to empirically evaluate the reliability of methods developed to locate transient vocalizations from bowhead whales. Each spring these animals migrate through the shallow water, marginal ice zone along Alaska's north slope, an environment that is very dynamic and for which there are few data on acoustic transmission. The signal processing methods implemented for this work were relatively straightforward. However, their bioacoustic application under the demanding arctic conditions was novel and has led to significant progress in a quantitative assessment of the bowhead population ͑Raftery and Zeh, 1998; Raftery et al., 1990; Zeh et al., 1993͒. It is noteworthy that this calibration was conducted under typical field conditions using standard acoustic data collection procedures. No special precautions were in effect for this experiment. Ice conditions on the day of the calibration were similar to the conditions that existed throughout much of the 1984-1993 bowhead census studies. Whale sounds were recorded simultaneously with the calibration sounds, and there was no immediately obvious change in vocal activity associated with the calibration transmissions.
The reanalysis of 38 hours of 1988 data ͑nϭ217 locations͒ leads to two conclusions. First, the two methods yield similar range distributions, with absolute differences in range estimates increasing as the distance to the vocalizing whale increased ͑see Fig. 6͒ . Overall, both methods had approximately the same bias in location estimates of the vocalizing whale. Second, the range errors associated with a location were four times smaller with the new method than with the old method, while the bearing errors were three times smaller ͑old method, 1138Ϯ2094 m, 0.6Ϯ0.56°; new method, 275 Ϯ420 m, 0.2Ϯ0.22°͒.
The calibration results comparing the acoustic location methods with locations obtained by theodolite cross bearings showed that the new method yielded locations with less variability but only slightly less bias than locations using the old method. The conclusion that both methods have approximately the same bias is supported by the results showing that the percent difference between the visual and acoustic ranges to the five acoustic source locations using the old method was 1%-5%, while it was Ͻ2% for the new method. The conclusion that the new method was less variable was supported by the results showing that the coefficients of variation for the new method were 0.5-2 % compared to 1-4 % for the old method. On average, the new method was about 2-3 times more precise than the old method.
For either location method there was a high degree of accuracy out to the maximum calibration range of 4.4 km. The range differences between the visual and the two acoustic methods were less than 5% of the range, and the bearing errors were less than a degree. There was no indication that range errors increased with range, although the maximum calibration range was less than three times the array aperture ͑1616 m͒. At first glance, the high degree of accuracy and similarity of calibration analyses results for the two methods seems surprising. However, this is most probably attributable to the FM structure of the test signals. These were ascending and descending frequency swept signals ͑200-Hz bandwidth, 3-4-sec duration, slew rate ϳ100 Hz/sec͒ with relatively high levels of time-bandwidth structure in their STFT representations, which, when cross correlated, yielded reliable estimates of time delay. These test signals are similar to natural bowhead whale calls, supporting the conclusion that the calibration results are directly transferable to those based on bowhead calls ͑Clark and Johnson, 1984͒.
These improvements were not altogether unexpected. The method of determining time differences between the occurrence of the same sound at different hydrophones was improved in the new method by using the entire waveform rather than its STFT. In the old method, information in the phase spectra was ignored. Furthermore, and of greater importance here, the STFT had the effect of smoothing the two signal representations, thereby reducing time resolution. The use of a high level of overlap ͑99%͒ in the STFT process increased time resolution computationally ͑i.e., one could compute ⌬T functions with 1-2 ms resolution͒, but did not necessarily improve measurement accuracy. Location estimation with the new method was improved by including both amplitude and phase information. This, coupled with the 1000-Hz sampling rate, increased time resolution and reduced the uncertainty in the arrival-time differences, resulting in lower range and bearing errors ͑see Figs. 6 and 7͒. Part of this improvement was also due to the new method including all possible pairwise arrival-time differences, whereas the old method only included three, and to using an optimization routine rather than a graphical solution to estimate location. As a result, on average, the precision of a location was improved by a factor of 4 with the new acoustic location method.
The small range errors for the two acoustic methods as applied to the calibration data were within the error expected based on the time resolutions ͑Ϯ1-2 ms͒ of the computation systems alone. This result supports the conclusion that noise errors introduced by the transmission paths were relatively small and that the medium provided a very coherent and stable path. In a related arctic acoustic experiment, DiNapoli et al. ͑1984͒ found a very high level of coherence ͑0.77-0.96 cross-correlation coefficient͒ for a 97-Hz signal received on two different hydrophones separated by as much a 1300 m. In their experiment, however, the source was located at a distance of over 250 km from the hydrophones. The very high level of coherence observed with a signal transmitted over such distances indicates that the arctic water column is stable.
It should be noted that at the lower-frequency range of concern here ͑Ͻ500 Hz͒, and with the water depth being only several wavelengths in extent, the acoustic path of interest is best described as a plane wave ducted mode rather than a ray path. The bulk of the acoustic energy is being transmitted in the fundamental mode. However, the actual energy partition between the fundamental mode and any higher modes in the shallow water will require further experimentation.
These methods were specifically designed to take advantage of the broadband nature of the whale signals. The old method of using spectrogram cross correlation was originally selected because spectrograms readily displayed a sound's time-varying FM structure while waveform did not. In the spectrographic rendering, signal structure was conserved even with pronounced interference from propagation effects in the shallow water, arctic environment. For this reason we expected that spectrogram cross correlation would be more robust than waveform cross correlation and allow range and bearing estimation out to greater distances. A related presentation on the benefits from ranging with broadband signal was presented by Harrison and Harrison ͑1995͒, showing that a key benefit of using broadband signals is to reduce the effect of nulls on reception, thereby effectively increasing communication range. It is assumed that bowhead signals are well adapted to their arctic habitat, and that some of these signals serve a long-range communicative function ͑Clark and Johnson, 1984; Würsig and Clark 1993͒. It would therefore not be surprising to find that the simple FM call structures of bowheads are optimized to increase detection range and recognition by minimizing distortions from propagation affects ͑e.g., interference nulls͒, while the bowhead's auditory sensory system is adapted to extract information from such propagation effects.
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